This research tested the viability of using faecal sludge (FS) as solid fuel -an end use that could unlock an environmentally and financially beneficial replacement for disposal-oriented FS management, while replacing fossil energy. FS samples were collected from pit latrines, septic tanks, drying beds and stabilization ponds in three cities, Kumasi, Dakar and Kampala. For each sample, the average calorific value, solids and water content, and their variation with source and age were determined. The average calorific value of untreated FS across the three cities was 17.3 MJ/kg total solids (TS), which compares well with other biomass fuels. The age of FS did not affect its calorific value, nor did the reduction in chemical oxygen demand (COD) that occurred while it was in drying beds. The TS content of FS depended on its source but ranged from 1 to 6% for sludge from septic tanks and pit latrines, respectively. Harnessing net energy from FS requires partial drying. The results indicate that sufficient drying occurs within two weeks in open-air drying beds, or in a matter of days with simple drying bed innovations.
INTRODUCTION
final products (Okuno & Yamada ) . In the cement industry, the ash is incorporated into clinker, a pre-cursor to Portland cement, offsetting the need for raw materials like clay, and transforming sludge into a zero-waste feedstock.
The sewage sludge used for fuel is primarily derived from activated sludge systems and may have undergone anaerobic digestion. In either case, stabilization has occurred, which significantly reduces the calorific value of the sludge (Tchobanoglous et al. ; Fytili & Zabaniotou ) . For example, after primary settling the calorific value of sewage sludge averages 25 MJ/kg of dry solids but this value is halved following anaerobic digestion (Tchobanoglous et al.  ; Fytili & Zabaniotou ) . Therefore, the hypothesis driving this research was that if stabilized sewage sludge can be made a viable fuel, than fresh faecal sludge stands to be an even more attractive feedstock.
Pre-drying the sludge is a requirement for using it as fuel.
Even if technically viable, the commercial or large-scale viability will be dependent upon identifying cost-effective ways to dry FS. This study serves as a starting point for exploring the use of FS as fuel and the potential for increasing drying rates while minimizing costs. If achieved, industrial fuel is an end use that could unlock an environmentally and financially beneficial replacement for costly, disposal-oriented FS management solutions.
MATERIALS AND METHODS

Site descriptions
Kumasi, Ghana
With a population of approximately 1.5 million people, Kumasi is the second largest city in Ghana. The average annual rainfall in the city is 1,402 mm, and the average temperature is 25.6 W C, with a range of ±3 W C (World Meteorological Organization).
About 38% of the population use unsewered public toilets, 30% use household toilets connected to septic tanks, and 8% use ventilated improved pit (VIP) latrines (Erni  In Dakar, samples were collected from septic tanks and a fully lined pit latrine. These samples were retrieved directly from cesspit emptiers and again composite samples were made as described above. Samples were also collected from seven open-air drying beds at the Niayes FSTP for three consecutive weeks (Table 1 ). The beds were initially filled to a height of 20 cm with wet FS from the settling tanks. Samples were collected and delivered to the laboratory for analysis at the Université Cheikh Anta Diop de Dakar.
In Kampala, samples were taken from unlined pit latrines, partially lined private and public latrines, fully lined private and public latrines, and septic tanks. These samples were retrieved directly from exhauster trucks and composite samples were made as described above. Samples were also collected from open-air drying beds filled with sewage sludge from the BWWTP in Kampala for three consecutive weeks (Table 1) .
Sludge drying
Solar drying
In Ghana, researchers conducted additional FS drying experiments aimed at increasing drying rates through simple modifications to FS drying beds. The drying bed designs used by Cofie et al. () were adapted and applied to the construction of experimental-scale beds. Namely, a dewatering cloth was added between the sludge and sand layers to prevent sand from contaminating the sludge. The constructed drying beds had a series of layers made with sand, dewatering cloth and expanded wire mesh, which facilitated the dewatering and filtering processes. The drying bed was divided into six different sections, each for testing different variables associated with faecal sludge.
The influx of rainwater can significantly decrease the sludge-drying rate; therefore, the constructed design included a roof made with transparent, durable plastic.
The roof was angled at around 15 degrees to optimize sunlight penetration and removal of evaporated moisture off the roof's surface, but minimizing chances of the roof being blown off.
The relationship between faecal sludge depth in the drying beds and drying rates was observed for two weeks in June. Wet FS was poured into the partitioned beds at three different depths: 6, 8 and 10 cm. One of the sections also contained faecal sludge that had been dosed with polymer (a flocculating agent) before being poured into the drying bed at a depth of 6 cm. Once faecal sludge was 
Analysis
Two replicate analyses were conducted for each sample.
Calorific value, water content and total solids (TS) were determined according to Standard Methods (). To measure calorific value, bomb calorimeters were used and the heat capacity was calibrated using benzoic acid as a stan- 
RESULTS AND DISCUSSION
Calorific value
Variation on the basis of FS source and treatment
The average calorific value of raw FS from Kumasi, Dakar 
Variation on the basis of COD and FS age
The COD measurements taken in Kampala were systematically higher in fresh FS samples than in samples from drying beds, where it quickly dropped off ( Figure 3 ). Fresh 
Harnessing energy from faecal sludge solids
Total solids content in raw faecal sludge
The technical and financial viability of turning FS to solid fuel is dependent on both the energy value embodied in the solids and the total solids (TS) content of a given volume of FS. Total solids were found to vary by source.
The TS of FS from unlined pit latrines was 6% of wet weight -higher than that of fully lined pit latrines and septic tanks, which averaged 2.7 and 1% of wet weight, respectively. The higher TS in unlined pits is attributed to liquid leaching to the soil. Conversely, septic tanks -designed more like holding tanks in many dense urban areas -had the lowest solids content because of the Faso had a concentration of 12,000 (1.2% TS) and 19,000
(1.9% TS), respectively (Koné & Strauss ).
Sludge drying
With TS averaging just 6%, an efficient and effective means of drying the FS is critical. Drying bed experiments in Kampala yielded a solids content of about 30% after two weeks in the beds. In Senegal, sludge averaged 37% solids after one week, 49% solids after two weeks, and 58% solids after three weeks.
In Ghana, FS at all three depths ( Furthermore, the crude pressing setup removed an additional 46% of the remaining water, increasing the solids content from 16 to 26%. These rapid prototyping results indicate that flocculating with polymer and then pressing out the water would reduce land requirements for drying beds by 85% (Table 2) . However, more rigorous experimentation is needed to confirm this result and a cost analysis must be carried out to assess the trade-off between faster drying rates but higher costs of purchasing the polymer.
The combination of polymerization, pressing and drying in thin 1-2 cm layers dried the sludge substantially faster than the first set of drying bed experiments in Ghana. In the previous experiment, it took 15 days for FS to reach approximately 60% solids by weight, whereas 60% solids were achieved in 2.5 days with the rapid prototyping interventions.
One other condition that was briefly tested was drying polymerized sludge on slanted concrete, which allowed water to drain off rather than filter down into the bed. The slanted bed was nearly as dry as the pressed sludge at the end of day 4, suggesting that a slanted concrete surface This study identified several possible drying bed enhancements. A transparent roof is a simple design intervention to speed drying and thus decrease the land area needed for drying beds. Other promising interventions include flocculating the sludge with polymer and mechanical pressing, which have potential to reduce land requirements by as much as 86%. Furthermore, designing to optimize drainage is key in humid climates, as this is the driving mechanism for water removal. Ultimately, the end value of the fuel must be weighed against the cost of drying to determine the optimal processing conditions, but additional energy for drying FS can be harnessed with minimal recurring costs.
